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Abstract 
Residual stresses (RS) imparted during the finishing stages of machining constitute an essential measure of surface integrity and an 
acceptance criterion for the safety of critical aerospace parts. To build a predictive tool for machining-induced residual stresses in 
titanium alloy Ti-6Al-4V, a finite element-based model of orthogonal cutting is developed using DEFORM-2D. A full factorial 
orthogonal cutting experiment is conducted using sharp tools to investigate the effect of feed rate (f) and cutting speed (v) on 
residual stresses under finish-turning conditions. For every cutting condition, machining forces are measured using a piezoelectric 
dynamometer, surface temperatures in the vicinity of the cutting zone are captured with an infra-red camera, and surface residual 
stresses in the cutting direction are measured by X-ray diffraction (XRD). Experimental results for forces, temperatures and RS are 
used to validate the finite element model. Once a high confidence level in finite element predictions is obtained, a numerical 
investigation of the effects of cutting tool edge radius (r) and cutting speed on RS is carried out. Within the investigated range of 
parameters, residual stresses are found to be compressive in nature. It is observed that residual stresses become more compressive 
with increasing feed rate and less compressive with increasing edge radius or cutting speed.  
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1. Introduction 
Residual stresses (RS) are one of the most important 
parameters that characterize the integrity of the near-
surface layer of a mechanical component, which controls 
its functionality and durability. During machining, 
residual stresses are generated due to the formation of a 
severe plastic deformation gradient in the near-surface 
layer, under the action of mutually interactive thermal 
loads, mechanical loads and metallurgical alterations.  
The state, magnitude and distribution of RS are 
influenced by cutting parameters, tool edge preparation, 
mode of lubrication and the physical and thermal 
properties of the tool and workpiece materials. When 
cutting Inconel 718 with CBN tools, Arunachalam et al. 
[1] found that increasing the cutting speed (150-375 
m/min) shifted RS from compressive to tensile, and that 
lubrication reduced tensile RS. In contrast, Pawade et al. 
[2] found that above 300 m/min, the trend for cutting 
speed was reversed. Sharman et al. [3] found that cutting 
Inconel 718 with worn tools resulted in higher tensile 
RS, and that uncoated carbide tools produced lower 
tensile RS than coated carbide tools. When hard turning 
AISI 52100 bearing steel with CBN tools, Dahlman et 
al. [4] found that RS became more compressive with 
increasing feed rate. Hua et al. [5] showed that 
increasing the tool edge radius (0.02-0.05 mm) promoted 
higher compressive RS in the sub-surface of AISI 52100 
steel. Chen et al. [6] found that worn tools produced a 
tensile surface layer less than 5  in Ti-
6Al-4V, and emphasized the importance of chip 
segmentation and tool wear in FE element predictions of 
temperature and RS in the machined surface.  
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It is important to identify machining conditions that 
can generate a favorable compressive residual stress 
distribution in the machined surface. Limited
information is available in the open literature for RS in 
titanium alloys, especially in the finish turning regime.
The aim of this work is to develop a FE model of the
machining process to predict RS in titanium alloys and
to investigate the effect of several cutting parameters on 
machining forces, cutting temperatures and residual
stresses.
2. FE modeling of machining
2.1. FE model description
A thermo-mechanically coupled finite element model
of the orthogonal cutting process was developed using
DEFORM-2D to predict machining forces, temperatures 
and residual stresses (RS) for titanium alloy Ti-6Al-4V, 
machined with sharp uncoated carbide tools. Cutting
simulations were performed for several combinations of 
feed rate (f) and cutting speed (v) in the finish turning
regime.
Several development stages were necessary to build a
model that can generate accurate predictions. Proprietary 
methodology developed at the National Research
Council Canada (NRC) for material identification was
implemented to characterise the flow stress behavior of 
the titanium alloy under investigation as a function of 
strain, strain rate and temperature [7-8]. This involved 
additional orthogonal cutting tests at ambient
temperature and also at high temperature through the use 
of laser-assisted heating. Consequently, constitutive data
for the material was generated at strain rates and 
temperatures encountered during cutting. The material
identification eliminates a significant source of 
uncertainty arising from material behavior. Following 
the identification process a sensitivity analysis of the
effect of several model parameters, including element 
size, workpiece depth, length of cut, and tool edge
preparation on residual stress predictions was carried 
out. Moreover, a similar analysis of the effect of friction 
on cutting force predictions was performed. Lastly the
findings of the above development stages were applied 
in building the model.
The model was built by means of the DEFORM pre-
processor. It constitutes a plane strain idealization of the 
machining process. The workpiece was defined as an 
elasto-plastic body (6 mm long x 0.4 mm deep) and
meshed with 6,500 linear quadrilateral elements with 4
integration points. The constitutive data generated
through the material identification process was used to 
model the flow stress behavior of the workpiece under 
the combined effect of strain, strain rate and
temperature. Furthermore, the von Mises yield criterion 
was implemented in conjunction with isotropic
hardening to model the plastic deformation of the
workpiece material. Temperature dependent physical
and thermal properties of the workpiece material were 
supplied by Pratt and Whitney Canada (PWC). The
cutting tool was defined as a rigid body and meshed with 
2,500 linear quadrilateral elements with 4 integration 
points. Material properties for Kennametal uncoated
carbide grade K68 were used in the FE simulations.
Due to the adhesion of workpiece material to the tool
encountered when machining titanium alloys and the
continuous shearing of the formed TiC layer [9-10], 
perfect contact was assumed at the tool/chip interface,
and a constant shear friction model was adopted. A heat 
transfer coefficient of 105 kW/m2 °C [11] and a friction 
coefficient of m = 0.9 were used. The chip morphology
was modeled as continuous for the finish turning regime
under study.
The model set-up and boundary conditions are
depicted in Fig. 1. The workpiece and tool edges far 
from the cutting zone are retained at ambient 
Fig. 1: 2D FE model set-up and boundary conditions.
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temperature T0 = 20°C. A mesh grading strategy is 
applied to the workpiece. Through the use of mesh 
windows, a dense mesh is maintained in the cutting zone 
and in the newly generated surface. The workpiece 
consists of several areas with varying element edge size, 
ranging from 10 μm at the machined surface to 75 μm at 
the fixed bottom edge. A similar approach is adopted for 
the tool, whose elements range from 4-6 μm at the 
cutting edge to 30 μm outside the cutting zone. An 
interference depth of 8 μm is implemented as an 
automatic remeshing criterion for the workpiece. 
Workpiece remeshing follows the defined mesh grading 
strategy throughout the simulation. 
During the FE simulation, the cutting tool moves 
relative to the fixed workpiece at an uncut chip thickness 
(tu) representing the desired feed rate and with a cutting 
speed (v). Having reached its desired stroke, the tool is 
retracted away from the workpiece, and the workpiece is 
allowed to cool down to room temperature. Residual 
stresses in the workpiece surface are then extracted from 
the model. 
2.2. FE model validation 
2.2.1. Experimental set-up 
To validate the FE model, dry orthogonal cutting tests 
were conducted using a Boehringer NG 200 turning 
center, equipped with a Kistler dynamometer model 
9121 for force measurement and a ThermoVision A20M 
infra-red camera for temperature measurement. The 
experimental set-up is depicted in Fig. 2.  
A full factorial design of experiment with one 
repetition per cutting condition was used, comprising 3 
levels of feed rate (f) in the range of 0.05-0.25 mm/rev 
and 3 levels of cutting speed (v) in the range of 20-90 
m/min. Cutting was performed with uncoated carbide 
tools of grade Kennametal K68 having undergone 
special edge preparation. Workpiece samples consisted 
of 50 mm diameter bars of Ti-6Al-4V with a tube of 2.5 
mm wall thickness machined at one end. Feed rate 
selection ensures that the condition of plane strain is 
satisfied. Workpiece samples were stress relieved prior 
to cutting to diminish initial stresses. Based on previous 
experimental work, a length of cut of 5 mm was adopted, 
during which steady-state cutting was achieved and 
minimal tool wear was produced. Machining force data 
and temperature maps were obtained for each cutting 
test. The chip morphology was evaluated for all cutting 
conditions using light microscopy. The Kistler 
dynamometer used produces an experimental error 
within ± 2%, arising from linearity and crosstalk. 
However, the total error in force measurement, due to 
variations in tool edge preparation and material 
properties is within ± 10%. This was confirmed through 
numerous experiments using the same experimental set-
up for various materials and with standard cutting tools. 
Measurement errors are presented as error bars in Fig. 3. 
Surface residual stresses in the cutting direction ( x) 
were measured using the X-ray diffraction (XRD) 
technique. Measurement of residual stresses was 
performed on the workpiece sample as a whole to avoid 
any errors arising from damage and/or deflections of thin 
sections during specimen extraction.  
Fig. 2: Experimental set-up. 
0.0
0.2
0.4
0.6
0.8
1.0
1.2
N
or
m
al
iz
ed
 m
ac
hi
ni
ng
 fo
rc
e
Feed rate
Fx, EXP
Fx, FEM
Fy, EXP
Fy, FEM
f1 f2 f3
x
x
y
y
-1.2
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
N
or
m
al
iz
ed
 co
m
pr
es
si
ve
 
su
rf
ac
e r
es
id
ua
l s
tr
es
s, 
x
Feed rate
EXP
FEM
f1 f2 f3
(a)
(b)
Fig. 3: (a) machining forces; (b) surface RS ( x) in the cutting 
direction. Comparison between predicted and experimental results 
at cutting speed v1, such that (v1 < v2 < v3), (f1 < f2 < f3). 
Workpiece
Dynamometer
IR camera
Cutting tool
f
66   E. Abboud et al. /  Procedia CIRP  8 ( 2013 )  63 – 68 
2.2.2. Results and discussion
Surface residual stresses (RS), for the investigated
range of parameters, were compressive in nature. A
comparison between the FEM predictions and
experimental (EXP) measurements of cutting force (Fx),
feed force (Fy) and surface residual stresses ( x) is
shown in Fig. 3, for various test conditions.
Experimental results are normalized, using cutting
condition (v1, f3) as reference, since they constitute 
proprietary PWC information.
It is evident that feed rate had a significant effect on 
cutting force and on surface RS. Experimental and
predicted trends for the cutting force and for RS are in 
good agreement. It is observed that by increasing the
feed rate, the cutting force was increased, and RS
became more compressive. Over the finish turning
regime under study, cutting force predictions were
accurate within the range of 10-20%. Compressive 
residual stresses were underpredicted by up to 15% at 
low cutting speed conditions and by up to 35% at high
cutting speed conditions within the experimental range
of 20-90 m/min. Using the infra-red camera, it was not 
possible to obtain a clear vision of the cutting tool after 
engagement. This was due to the continuously winding
nature of the chip that concealed the tool. Therefore, the 
measured temperature at the back of the chip during the
first instance of cutting was compared to the predicted
temperature at the same position. It was observed that
for higher levels of f and v, both temperatures were in 
the range of 380-450°C. Furthermore, no phase
transformation was observed in the near-surface
microstructure of specimens machined at the above
conditions. This confirms that the workpiece
temperature in the near-surface layer was below the
transformation temperature (995°C) of the Ti-6Al-4V
alloy [12], as predicted by the FE analysis.
As shown in Fig. 4, the chip morphology at low feed
rate and low cutting speed is almost continuous. In 
contrast, chips became segmental in nature with
increasing feed rate. Furthermore, conditions of high 
feed rate and high cutting speed caused larger strains and
more severe shear banding. It is therefore believed that 
to improve the accuracy of predictions at high cutting
speed, chip segmentation should be modeled. It was
shown by Chen et al. [6] that at high cutting speed
conditions, the incorporation of a fracture criterion for 
chip segmentation into the FE model can lead to a drop
in temperature at the machined surface, coupled with an
increase in predicted compressive RS. Nevertheless, the 
model developed in this study provides sufficiently
accurate predictions, in view of the increased
computational intensity required to model segmental
chip formation for elasto-plastic materials. Following the
validation process, and having achieved a high 
confidence level in the accuracy of FE predictions, a
numerical investigation of the effects of tool edge radius
(r) and cutting speed (v) on residual stresses was carried 
out using the same workpiece and tool material 
properties and idealizations.
2.3. Effect of tool edge radius
Since the cutting experiments were conducted with
sharp tools, and since many authors have identified edge
radius as having a significant influence on RS, several
cutting simulation cases were run at identical feed rate
and cutting speed levels, but with varying edge radii
ranging from 10-60 The effect of edge radius on 
predicted cutting force (Fx) and surface RS in the cutting
direction ( x) is shown in Fig. 5. It was observed that by 
increasing the edge radius, the cutting force was
increased slightly, but residual stresses became 
significantly less compressive. Compared to an edge
Fig. 4: (a) chip morphology at (v1, f1), experimental and predicted; (b) 
chip morphology at(v3, f3), such that (v1 < v3) and (f1 < f3).
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to decrease compressive RS by around 25% and 60%,
respectively. This was associated with a substantial
temperature rise at the newly generated workpiece
surface, as depicted in Fig. 6. The same trend was 
predicted by Nasr et al. [13] for orthogonal cutting of 
stainless steel AISI 316L, with edge radii ranging from 
20-
the additional heat generation promoted by the increased
contact area between the tool and the workpiece surface.
2.4. Effect of cutting speed
Cutting speed is a limiting parameter when machining
titanium alloys due to the high reactivity of titanium 
with carbide tools and their susceptibility to thermally
driven modes of wear [9-10]. To analyze the effect of 
cutting speed on machining forces, temperatures and
residual stresses, several cutting simulation cases were
run with a fixed feed rate and a sharp cutting edge, but 
with varying speeds. While the range of cutting speed 
investigated experimentally was 20-90 m/min, the effect 
of higher cutting speed was investigated numerically in 
the range of 100-274 m/min. The effect of cutting speed 
on predicted cutting force (Fx) and surface RS in the
cutting direction ( x) is shown in Fig. 7. It was observed 
that by increasing the cutting speed, the cutting force
was reduced slightly, while RS became significantly less
compressive. Compared to relatively low cutting speed 
v1, cutting speeds of 100 and 274 m/min were found to 
decrease compressive RS by around 20% and 50%,
respectively. As expected, higher cutting speed produced 
a considerable rise in temperature at the tool/chip
interface and at the machined surface as shown in Fig. 8.
The drop in cutting force is attributed to thermal
softening of the workpiece material, while the decrease
in compressive RS is associated with the rise in
temperature at the machined surface.
In reality, high cutting speeds promote accelerated 
diffusion wear, causing higher temperatures in the 
machined surface due to increased contact with the flank
face of the tool. Therefore, it is recommended to 
investigate the combined effect of flank wear and high
cutting speed on cutting forces, temperatures and RS.
3. Conclusions and recommendations
As a result of the experimental and numerical
investigations conducted in this work, the following
conclusions can be drawn:
1. Surface residual stresses (RS) were compressive in 
nature for the investigated finish turning regime.
FE predictions and experiments showed that for a 
sharp cutting edge, feed rate had the most
significant effect on RS that became more
compressive with increasing feed rate.
2. The prediction of RS is in good agreement with
experimental results. Higher prediction errors were
observed for high cutting speeds. This is attributed
to the effect of chip segmentation, which was not 
considered in this work.
3. FE results showed that higher edge radii or cutting
speeds can significantly reduce compressive RS.
Fig. 6: (a) r = 10 m; (b) r = 60 m. Effect of edge radius (r) on 
predicted temperature distribution in the shear zones at (v3, f3).
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4. It is recommended to carry out additional
investigation on the effect of chip segmentation on
RS formation in titanium alloys, especially at high
cutting speed. It is also recommended to extend
the work to include the effect of flank wear land.
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